septic loosening of orthopaedic implants is usually attributed to the action of wear debris from the prosthesis. Recent studies, however, have also implicated physical pressures in the joint as a further cause of loosening. We have examined the role of both wear debris and pressure on the secretion of two chemokines, MIP-1α α α α and MCP-1, together with M-CSF and PGE 2 , by human macrophages in vitro.
septic loosening of orthopaedic implants is usually attributed to the action of wear debris from the prosthesis. Recent studies, however, have also implicated physical pressures in the joint as a further cause of loosening. We have examined the role of both wear debris and pressure on the secretion of two chemokines, MIP-1α α α α and MCP-1, together with M-CSF and PGE 2 , by human macrophages in vitro.
The results show that pressure alone stimulated the secretion of more M-CSF and PGE 2 when compared with control cultures. Particles alone stimulated the secretion of M-CSF and PGE 2 , when compared with unstimulated control cultures, but did not stimulate the secretion of the two chemokines. Exposure of macrophages to both stimuli simultaneously had no synergistic effect on the secretion of the chemokines, but both M-CSF and PGE 2 were increased in a synergistic manner. Our findings suggest that pressure may be an initiating factor for the recruitment of cells into the periprosthetic tissue. Aseptic loosening of implants is the main factor limiting the long-term survival of joint replacements. Macrophages appear to be the most biologically important group of cells found in the synovium-like membrane around loosened implants, although fibroblasts are also found.
Particulate wear debris is an important factor in the development of the osteolysis seen in aseptic loosening.
A
Phagocytosis of particles by macrophages leads to a cascade of events, culminating in the activation of osteoclasts by growth factors. 1 It has, however, still not been convincingly established that particle phagocytosis is the only factor responsible for the initiation and maintenance of the processes seen in aseptic loosening. The process of the recruitment of macrophages and activation and osteolysis in aseptic loosening is complex and may involve multiple factors. Thus, fluid pressure has been shown by Aspenberg and Van der Vis 2 to cause osteolysis in a rat model. In addition, previous experiments have shown that physical pressure stimulated monocytes to release proinflammatory cytokines and that the addition of particles produced a synergistic effect on the release of these cytokines. 3 Several studies have shown that macrophages phagocytose particles and release inflammatory mediators such as interleukin-1 (IL-1), IL-6, tumour necrosis factor alpha (TNF-α) and prostaglandin E 2 (PGE 2 ). However, selective blocking of these cytokines did not stop the process of bone resorption. 4 In addition, experiments which analysed the periprosthetic synovial-like membrane and synovial fluid found many other cytokines such as macrophage colonystimulating factor (M-CSF) and the chemokines macrophage inflammatory protein (MIP-1α) and macrophage chemoattractant protein (MCP-1). [5] [6] [7] We have tested the hypothesis that pressure may be an initiating factor for the recruitment of macrophages into periprosthetic tissue. Accordingly, the effect of pressure was examined on the release of chemokines by monocytes in vitro. Chemokines are known to be important in the recruitment of monocyte/ macrophages in inflammatory sites. Two other compounds, M-CSF and PGE 2 , which are involved in the maturation of osteoclasts and osteolysis, were also assayed. In the study, the degree of activation of monocytes to produce the signalling molecules in response to ultra-high molecular-weight polyethylene (UHMWPE) particles, pressure and pressure and UHMWPE particles was compared. UHMWPE particles are currently thought to be the main initiator of osteolysis in vivo.
Materials and Methods
Buffy coats were obtained from the National Blood Transfusion Service within 24 hours of donation. Mono-cytes were isolated from the samples as described previously. 8 The white cell population was suspended in minimum essential medium (MEM) and placed in a tissue-culture flask (Nunc) for one hour at 37˚C with 5% CO 2 . Monocytes were separated from the rest of a cell population by adherence. After removal of non-adherent cells, the adherent cells were scraped off using a cell scraper and resuspended in culture medium (MEM, 20% fetal calf serum, 1% penicillin/streptomycin, 1% glutamate). This monocyte suspension, at a concentration of 10 5 cells/well, was placed in 24-well plates on a 1% agarose gel. Some wells contained UHMWPE particles embedded in the agarose. 9 The UHMWPE "Ceridust" particles were obtained from Smith & Nephew. The mean particle size was 5.72 µm (2.41 to 13.21). Control cultures were monocytes cultured on 1% agarose gel not exposed to either stimulus.
The apparatus which was used allowed the application of cyclical ambient pressure to cells (ACAS Pneumatics, Salford, UK). 10 The plates were subjected to a pressure of 0.0345 MPa (5Psi). This pressure appears to be comparable to that measured in the capsule of loosened implants and has been demonstrated in osteolytic defects. 11 Cells were pressurised for one hour, then allowed to rest for a further 23 hours before assays were performed. Cell viability and phenotype before and after pressurisation were demonstrated using Trypan Blue. The ingestion of particles was confirmed by microscopy. The tendency of the cells to enter the agarose surface and the consequent difficulty in focusing made photomicroscopy very difficult. Graph showing the release of MCSF (pg/ml) for the four different conditions examined. Fig. 2 Graph showing the release of MIP (pg/ml) for the four different conditions examined. Fig. 4 Graph showing the release of MCP-1 (pg/ml) for the four different conditions examined. 
Results
The results obtained from the ELISA showed that stimulation of macrophages with either pressure or particles individually released more M-CSF and PGE 2 compared with control cultures (p < 0.001, Figs 1 and 3) . The application of pressure produced slightly more secretion of M-CSF than did particles (p < 0.01), but there was no difference in the amount of PGE 2 secreted by macrophages exposed to either stimulus. The combined effect of pressure and particles on the release of M-CSF and PGE 2 was greater than the individual effects of either pressure or particles alone when compared with control cultures (p < 0.001), and the combined effect was greater than the sum of the two separate effects in both cases. Exposure to both pressure and particles thus had a synergistic effect on the secretion of M-CSF and PGE 2 .
The addition of particles alone had little effect on the secretion of MCP-1, and appeared to reduce secretion of MIP-1α (p < 0.01; Figs 2 and 4) . Pressure alone stimulated macrophages to release twice the amount of MCP-1 and three times more MIP-1α than control cultures (p < 0.001). Exposure to both pressure and particles had no further effect on secretion and similar amounts of MIP-1α and MCP-1 were secreted by macrophages exposed to both stimuli or just to pressure alone.
The results of the ELISAs showed significant variability in the release of individual factors by each donor, giving large standard errors (Table I) . Such variation may be important in apparently different responses seen by individuals to apparently similar implants. The results were analysed using Friedman's two-way analysis of variance, and post-hoc multiple comparisons. 12 For illustrative purposes Table I gives the mean ± SEM of the concentrations of the different factors.
Discussion
Cells in bone are sensitive to variations in pressure. 13 It is possible that the early migration of the implant creates a potential space for it to act like a piston, 14, 15 exposing cells at the implant-bone interface to abnormal pressures during walking. In addition, this potential space could allow wear debris to reach the cells. 16 It has been proposed that cracks in the cement mantle may allow localised exposure of the bone to both pressure and particles. 16 In the normal skeleton, osteoclastic bone resorption only occurs at sites where skeletal remodelling and restructuring are necessary. 17 Therefore, there must be a mechanism whereby circulating osteoclast precursors can localise and differentiate in these sites. M-CSF is synthesised by mesenchymal cells such as fibroblasts and osteoblasts, by endothelial cells and by monocyte-macrophages. Studies on the murine osteopetrotic mutant strain op/op demonstrated that in the absence of M-CSF, osteoclastic generation, osteoclastic bone resorption, and the normal formation of the marrow cavity do not occur. 18 M-CSF appears to be vital to the success of these processes. Ishiguro et al 19 have demonstrated the presence of both MIP-1α and MCP-1 in revision tissue from failed joint arthroplasties. Our results show that secretion of M-CSF by macrophages is increased dramatically by exposure to pressure or particles compared with control cultures, and the effects of these two stimuli when applied simultaneously are synergistic.
Prostaglandins have been shown to be important in the inflammatory process as local mediators and also play a role in the normal metabolism of bone. PGE 2 has also been reported to be involved in the stimulatory effects of hormones and cytokines, such as 1,25-dihydroxyvitamin D3, IL-1, and IL-11 in bone. 19 In addition, prostaglandins can be substituted for 1,25-dihydroxyvitamin D3, as a differentiating factor for osteoclasts in cultures of haematopoietic cells. 20 In this in vitro study, secretion of PGE 2 by macrophages was doubled by exposure to either pressure or particles, and a synergistic effect was seen when the cells were exposed simultaneously to both stimuli. These results suggest that the increased concentration in periprosthetic tissue of M-CSF and PGE 2 , by exposure of the macrophages in situ to particles and/or pressure, may lead to increased osteoclastic differentiation from osteoclastic precursor cells. This suggestion is particularly relevant when the dramatic effect of these stimuli on M-CSF is examined. In vivo, this may shift the process of skeletal remodelling in favour of bone loss.
Our results demonstrate that, as suggested in our hypothesis, pressure rather than particles seems to be the dominant factor in initiating the release of the CC chemokines MCP-1 and MIP-1α by macrophages in vitro. However, no synergistic effect of particles and pressure was seen. These chemokines are known to be important in the recruitment of inflammatory cells. Thus, pressure rather than UHMWPE particles may be the initiating factor for the recruitment of monocytes into the periprosthetic tissue during aseptic loosening. This correlates with the concept of the early migration of the implant being an early indicator of potential loosening. 16 However, other studies have shown that monocyte/macrophages released MCP-1 and MIP-α when exposed to titanium-alloy and PMMA particles. 21, 22 The difference between the observations could be due to the type of particle or the cell-culture methods used. Further research is needed to assess the role of different types of particle on the release of chemokines and their role in recruiting monocyte/macrophages into the periprosthetic tissue.
The Ceridust particles are larger than the particles found to be most active (on a weight for weight comparison) in macrophage activation by Matthews et al, 23 and future investigations of the relative effects of pressure and particles of other sizes would be worthwhile.
Our results lend further weight to the concept that cyclical pressure change is an important factor in osteolysis around loosened implants. Future research should examine the relative importance of particles and pressure and the synergy between these two factors in this important process.
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